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1. INTRODUCTION
Annealing of ion implantation produced damage in GaAs in
general has been dominated by the need to prevent erosion and
maintain surface stoichiometry during the high-temperature pro-
cess. Arsenic loss and surface decomposition are usually pre-
*Cunent affiliation: University of Toledo, Dept. of Physics and Astronomy,
Toledo, OH 43606.
tfesent address: University of Nebraska, Dept. of Electrical Engineering, Lin-
coin, NE 68588.
Paper 2722 received April 20, 1989; revised manuscript received Jan. 16, 1990;
accepted for publication Jan. 29, 1990. This paper is a revision of Paper 945-
09, presented at the SPIE conference Advanced Processing of Semiconductor
Devices II, March 17—18, 1988, Newport Beach, Calif. The paper presented
there appears (unrefereed) in SPIE Proceedings Vol. 945.
1990 Society of Photo-Optical Instrumentation Engineers.
Abstract. Carrier activation and mobility were studied by Raman spec-
troscopy and the Hall effect in pulsed laser annealed samples of GaAs
implanted with doses of Si and Se from 2.2x 1012 to 6.Ox 1014 cm2. The
samples were annealed using a pulsed XeCl excimer laser (X = 308 nm)
and a pulsed dye laser (A = 728 nm) with energy densities from 0.06 to
0.9 J/cm2 and pulse durations of about 10 ns. Very high carrier concen-
trations of 3x1019 and 1.5x 1019 cm3 were obtained for the best n-type
GaAs samples annealed with the dye and excimer lasers, respectively.
The dye laser consistently produced higher activation than excimer laser
annealing. A transient reflectivity signal was used to identify the GaAs
melt threshold and the melt phase dynamics of the GaAs under the nitride
cap. The threshold energies for cap damage were 0.34 and 0.12 J/cm2 for
the excimer and dye lasers, respectively. Raman spectroscopy was used
to identify the threshold energies for the GaAs implant layer recrystalli-
zation and for optimum carrier activation. Four major peaks were observed
on the photoinduced current transient spectra in the temperature range
of 60 to 400 K, corresponding to traps with activation energies between
0.06 to 0.80 eV.
vented during conventional thermal annealing through the use
of an encapsulated dielectric layer that is deposited directly on
the GaAs surface. While quite successful for low-dose samples,
this technique has had a limited success in obtaining high carrier
activation of Si or Se implanted samples.' The maximum elec-
tron concentrations achieved in early n-type implantation ex-
periments were low2 due to the fast diffusion of Ga in a Si02
encapsulant. A Si3N4 cap proved to be much better in that re-
spect. However, Si3N4 caps that contain appreciable amounts
of oxygen do not act as effective barners to Ga diffusion either.
It has been indicated, from Raman spectroscopy measurements
on the Si3N4 or Si02 encapsulated GaAs, that an interfacial strain
is a motive force of the thermal conversion effect of Cr doped
semi-insulating substrates.3 This is a very important phenome-
non because it can significantly affect the doping profile of the
implanted layer.4'5 An A1N cap results in less outdiffusion of
Cr because of the similarity in expansion coefficients of A1N
and GaAs but is very difficult to remove with standard etches.
The encapsulation of GaAs can produce additional compli-
cations for rapid annealing with arc lamps and for laser annealing
since these techniques are sensitive to the temperature-dependent
optical coupling through the capping layer. The various problems
associated with dielectric caps mentioned above as well as in-
complete adherence, cracks in the layers, and the contamination
of GaAs with impurities trapped in the dielectric or at the surface
of the semiconductor prompted our study of pulsed laser an-
nealing techniques, in which the substrate is not heated and thus
does not expand to produce differential strain at the interface.
Although it was found that laser annealing could be conducted
on a bare GaAs surface without drastic surface deterioration if
the laser energy did not significantly exceed the melt threshold,6
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other more critical problems emerged. The attempts to activate
low-fluence implants (< iO" cm ) by pulsed beam annealing
have been unsuccessful. For low-dose implants the pulsed beam
annealing of Si or Se implanted GaAs n-type layers has resulted
in low activation ofcharge carriers, although the crystal regrowth
was fairly good.7'8 Typical electron mobilities in pulsed annealed
GaAs are about one-third those found in bulk GaAs of com-
parable carrier concentrations.9 For samples with heavier im-
plants the carrier mobilities were invariably low'0"1 despite the
exceptionally high doping levels that resulted. A surface con-
centration as high as 4 X i& cm was obtained by pulsed
electron beam annealing of Se implanted aA12 Pulsed laser
annealing of Si3N4 capped GaAs with a ruby laser indicated that
a higher concentration results when annealing is done through
the It was pointed out, however, that the higher carrier
concentration inferred from electrical measurements may be due
to silicon incorporation from the Si3N4 cap. Pulsed laser an-
nealing of p-type implanted GaAs generally results in good crys-
tal regrowth as well as good carrier activation.6
In view of the above results, which are in some cases highly
promising and in others quite disappointing, we chose to do a
parallel study with some samples furnace annealed and other
identical samples pulsed laser annealed. For the laser annealing
we used two very different lasers—one in the deep red and one
in the ultraviolet. Both the dye laser at 728 nm and the excimer
laser at 308 nm have excellent characteristics for use in laser
14 Both systems have much lower coherence than
ruby or Nd:YAG lasers, which serves to diminish the problems
of laser speckle. The Nd:YAG pumped dye laser, for example,
is a very high gain system with two amplifier stages; conse-
quently, there is little longitudinal mode structure within the
'—'0.05 cm linewidth. Both lasers have a very short pulse
duration—8 ns for the dye and 12 ns for the excimer. Most
important, however, the two lasers have very different penetra-
tion depths in GaAs. The dye laser is absorbed in about 500
nm, whereas the excimer is absorbed in 1 3 nm.15
Since pulsed laser annealing in GaAs is quite new, we pro-
ceeded systematically, first with a transient reflectivity study of
the threshold and duration of the melt phase as a function of the
laser pulse energy, comparing the behavior with and without
Si3N4 16 Second, we performed Raman spectroscopy mea-
surements on a large number of anneal 14 This non-
destructive measurement provides a clear indication of the pulse
energy threshold for epitaxial regrowth. The Raman scattering
also provides a reasonably good indication of the amount of
carrieractivation in the samples .Finally,wepreparedlarger anneal
areas that were suitable for applying Hall contacts . These sam-
ples were annealed over a narrow range of energies that the
Raman scattering indicated might be optimum for the highest
carrier activation. The sheet carrier concentration, sheet resis-
tivity , and mobility were measured on these samples . The Hall
samples were also tested by photoinduced current transient spec-
troscopy (PITS) to determine the energy activation, the capture
cross section, and a density of deep-level defects. Some results
of this experiment are presented in this paper, but the details of
deep trap parameters and their correlation with a dose of im-
planted impurities, carrier concentration, and mobility will be
published later.
Very high carrier concentrations of 3 X 1019 cm3 and
1.5 X 1019 cm3 were obtained for the best n-type GaAs samples
annealed with the dye laser and the excimer laser, respectively.
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These results show that good carrier activation can be achieved
with a pulsed laser if the annealing is done in a narrow energy
window through the cap and at pulse energies well below those
used in previous laser annealing studies.1 Dye laser annealing
consistently produced slightly higher activation than excimer
laser annealing.
2. EXPERIMENTAL
2.1. Annealing
The GaAs substrates with (100) orientation were implanted through
the cap at an energy of 140 keV for Si dopants and an energy
of 320 keV in the case of Se impurities. The Si and Se doped
samples were capped with approximately 60 nm (the cap thick-
ness for Si doped samples varied from 59 to 63 nm) and about
79 nm of Si3N4, respectively. Three different ion doses of Si
wereused, 2.Ox 101i 6.Ox 1013, and2.Ox 10'4cm2, andone
dose of Se ions of 2.2 x 1012 cm2. After implantation the
substrates were cleaved into smaller samples for subsequent laser
annealing. For studies of capless annealing, the silicon nitride
cap was etched off in 49% HF for 5 mm at room temperature.
The samples were annealed using a pulsed XeCl excimer laser
(X = 308 nm, Questek model 2240) using weak focusing with
an aspheric quartz lens and a beam homogenizer. The laser beam
was weakly diffused by a ground and etched quartz plate and
then focused again with spherical quartz focusing lenses. Two
types of apertures were placed --'0.5 mm in front of the sample
during annealing. A circular aperture with a 0.5 mm diameter
was used on samples intended for optical characterization (Ra-
man spectroscopy and transient reflectivity). This allowed us to
obtain a large number of annealed spots. A cloverleaf pattern
(approximately 2.5 mm between the corners of adjacent "ears")
was used for samples that were later studied by electrical as well
as optical methods. The annealing with a Nd:YAG pumped dye
laser (Lambda Physik model 2002) at wavelength It = 728 nm
was done without an aperture and without the beam homoge-
nizer. The dye laser produced a smooth profile across beam
spots of 0.5 mm diameter without the use of an aperture. How-
ever, it was not possible to produce larger beam spots with
satisfactory energy density and beam homogeneity to allow an-
nealing of the 2.5 mm cloverleaf patterns used for electrical
measurements. Therefore, no electrical measurements were per-
formed on the dye laser annealed samples. Energy densities for
both lasers were adjusted by neutral density quartz attenuators
and ranged from 0.05 to 0.9 J/cm2. A small number of samples
were furnace annealed at 850°C for 20 mm in forming gas (15%
H2, 85% N2 by volume) with the silicon nitride cap present and
with the additional protection of two bulk GaAs wafers placed
in contact with the samples.
2.2. Optical tests
Two optical experiments were performed: a transient reflectivity
measurement during the process of laser annealing and Raman
spectroscopy before and after the annealing. In the transient
reflectivity experiment, the 5 14 nm line of an argon laser (Laser
lonics model 551A) was focused to a 50 m spot at the center
of the focused spot from the excimer or dye laser. (No aperture
was used in this case.) The signal was detected with a p-i-n
photodiode behind a 514 nm spike interference filter to reject
the scattered light from the pulsed laser. The signal was digitized
and recorded with a transient digitizer (Tektronix model 7912AD)
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interfaced to an HP86 microcomputer. Both s and p polarizations
were used. For the excimer system the probe beam was incident
at an angle of 56°, which gives high sensitivity to changes in
optical constants. For the dye laser system the probe was incident
at 300
Three different types of GaAs samples were studied in tran-
sient reflectivity: a sample with an uncapped surface and samples
with Si3N4 caps of 63 nm and 79 nm thickness. The two types
of capped samles had been implanted through the caps with Si
(6x 1012 cm at 140 keV) and Se (2.2x 1012 cm2 at 320
keY). For these low implant doses, our Raman scattering results
show that the GaAs surface has only a very small amount of
damage, which is not expected to affect significantly the optical
or thermal properties of the GaAs or the Si3N4.
Raman spectroscopy was performed in a reflection geometry
using the 514.5 nm line of a Laser lonics model 554A argon
laser focused to a spot size of <50 pm. A Spex model 1401
double spectrometer with photon counting electronics was used.
Spectra could be obtained either before or after etching off the
Si3N4 cap since the transparent cap produced no observable
features in the Raman spectra. Spectra were studied from several
points in the annealed spots (0.5 to 2 mm in size) to determine
the uniformity of recrystallization and carrier activation. To ac-
complish this spatially resolved probing, the sample was mounted
on a stepper motor driven X-Y translation stage controlled by a
DEC 11/34 computer. Raman spectra of doped <100> GaAs
display two phonon-like peaks at 272 cm ' and 295 cm , the
L and LO modes, and also a broad plasmon-like peak that at
high densities is proportional to the square root of electron den-
sity: o. ne2/EoKm*, where n is the electron density, e is the
electron charge, ro is the permittivity of free space, K iS the
dielectric constant, and m* is the effective mass of the electrons.
The three Raman peaks are useful for determining both epitaxial
regrowth and the density of free electrons in the annealed region.
2.3. Electrical measurements and a multiple etching
technique
Van der Pauw measurements were performed on the cloverleaf
shaped samples to determine the sheet resistance. Due to the
brittle nature of GaAs, it would be almost impossible to cleave
such a pattern with small dimensions from the wafers. An al-
temative method, which we chose, is to pulse anneal the ion
implanted wafer through a cloverleaf mask. The pattern was cut
from a thin piece of sheet metal using a high-intensity laser
beam. The laser used in this project was the Nd:YAG (Quanta
Ray DCR1A) infrared laser (X = 1 .06 m). A code to generate
the cloverleaf pattern was written for the HP86 computer. With
the aid of an 1EEE488 bus, the computer was interfaced to an
x-Y stage, and the sheet metal was then moved along the on-
entation of a cloverleaf pattern and cut sequentially by the laser.
After annealing, four small pieces of indium were placed in
each of the ears of the sample and alloyed (sintered) at 380°C
for 5 mm in an ambient of 15% H2, 85% N2 by volume. Copper
wire leads were soldered onto the indium contacts after the
sample was mounted with wax to the Hall probe. A 4 in. electro-
magnet (Varian model V2300A) was utilized to produce a dc
magnetic field of up to 0.7 T (7 kG) in the Hall effect experiment
to determine the carrier sheet concentration and Hall mobility
of the charge carriers. A Boonton gaussmeter (model 912) was
used for field measurements and a current source (Lakeshore
Cryotronics model 1 10) provided a constant current that ranged
typically from 1 jiA in lightly doped samples to 100 pA in
heavily doped samples. The measurements were performed away
from any high-frequency equipment and in the dark.
To obtain a depth profile of the carrier distribution and carrier
mobility variations produced by the ion implantation and an-
nealing processes, the sample was repeatedly etched to remove
one thin (40 nm) layer at a time. Here, the selective etchant was
a mixture solution, H2S04-H202-H20, which is the most corn-
monly used etchant for GaAs. It consists of 98 wt. % (weight
percent) solution of sulfuric acid 30 wt. % solution of hydrogen
peroxide, and deionized The etching rate was obtained
from a ternary diagram at 0°C, as illustrated in Ref. 17. The
selected etching rate was 0.5 pm/rnin, since the activation layer
of the sample was very thin, 0.2 rim. There are four etching
surface states (A , B , C, D) on the diagram. Two of these regions
correspond to a cloudy surface, and the other two result in a
mirror-like surface. The composition of the solutions used for
the etching process in this experiment was H2S04-H202-8H20
for low-dose GaAs and 17H2504-3H202-0H20 for high-dose
GaAs.
2.4. Photoinduced current transient spectroscopy
Since the initial description of the deep-level transient spectros-
copy (DLTS) by Lang,'8 much information about emission rates
from deep-level traps in semiconductors has been obtained using
various forms of transient capacitance analysis, generally known
as DLTS. DLTS requires a depletion region in the semi-
conducting sample within which trap occupancies can tempo-
rarily be perturbed by an electrical' ,20 or optical2' (known as
optically stimulated DLTS) pulse. Because of the depletion re-
gion, there is a need for a p-n junction or Schottky barrier
contact. Since the region of interest is depleted, its recovery rate
is limited by the emission from traps. The DLTS apparatus rnon-
itors this capacitance recovery transient and allows for the de-
termination of the traps' signatures, such as activation energy,
emission time constant, capture cross section, and density of
traps.
Several experimental techniques have been developed to ex-
plore defects, impurities, and complexes in semiconductor ma-
terials. All of them utilize the property of deep energy levels
for trapping of the carriers. Many of these techniques have been
successfully applied to n- or p-type samples, but they lose their
sensitivity when the resistivity of the material is very high or
very low. Junction capacitance (or diffusion capacitance in the
case of minority carrier injection pulses) can be used only for
moderately doped samples. The problem in heavily doped
or p samples is that the breakdown voltage of a junction is
very small due to significant tunneling of carriers through
the potential barrier. Capacitance techniques cannot be used
for semi-insulating samples either since the Debye length LD =
(EEJT/q2n0)"2 is very large (on the order of a few millimeters
for semi-insulating GaAs at room temperature) and typically
exceeds sample dimensions. One technique that appears suitable
for high-resistivity materials is often referred to as photoinduced
transient spectroscopy22 or as optical transient current spectros-
copy (OTCS).23 The current transient spectroscopy under the
trap emission limited conditions was used to obtain trap param-
eters in the depletion regions of GaP:Cu diodes,24 to study traps
in Si p-n junctions,25'26 and to study traps at the Si/5i02 mterface27
and at the channel-substrate interface in GaAs FETs.28
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The photoinduced variation of this technique was applied to
a variety of high-resistivity solids, such as CdS monocrystals,29
semi-insulating InP,3° and recently CdS/CdTe thin-film solar
cells .
One problem encountered in our experiment with using the
electrically stimulated DLTS was in the formation of Schottky
contacts on the surface of pulse laser annealed GaAs. The Schottky
contacts were very unreliable, had a very low breakdown volt-
age, or an ohmic contact was formed instead of a rectifying one.
All of these problems would indicate a significant contribution
of the tunneling mechanism of the conduction process in the
metal-semiconductor contacts, which can occur when heavy dop-
ing (either from implants or from Si impurities introduced from
the SiN cap) is used in the substrates. After many unsuccessful
attempts this approach was abandoned in favor of the PITS.32
This technique allowed us to avoid several of the problems
mentioned above and, in particular, the need of having a rec-
tifying Schottky contact.
Photoinduced current transient spetroscopy involves using a
light pulse to irradiate the sample surface. The optical pulse was
obtained by using a 10 mW cw He-Ne laser (X = 632 nm) along
with a motordriven rotary light chopper. A 50% optical filter
was used to cut down beam intensity to about 5 mW. The light
pulse duration was 1 ms with a pulse period of 30 ms.
The samples used in the PITS experiment were identical with
the samples utilized in the Hall measurements with four indium
contacts, except that only two contacts along the square diagonal
were used. The photocurrent was observed indirectly as a voltage
drop across a calibrated resistor in series with the sample. A 6
V battery was used as a power supply. The signal was amplified
by a low-noise preamplifier and processed by a boxcar integrator.
The output signal was digitized, stored, and plotted by a system
controlled by an HP86 computer. The details of this technique
and analysis of the data will be published elsewhere.
3. DISCUSSION OF RESULTS
3.1. Optical measurements
The first step in our study was a transient reflectivity experiment
to identify the GaAs melt threshold and the melt phase dynamics
of the GaAs under the nitride cap. Second, we performed Raman
spectroscopy measurements on a large number of anneal spots.
This nondestructive measurement was used to identify the thresh-
old energies for the GaAs implant layer recrystallization and for
optimum carrier activation because the Raman spectra provide
a reasonably good indication of the amount of carrier activation
in the samples.
For pulsed dye laser excitation, the transient reflectivity at
514 nm is shown in Fig. 1 . The observations were made with
the probe beam incident at 3Ø0• The data for p polarization in
Fig. 1(a) traces (1), (2), and (3d, are for dye laser power densities
of 0. 10, 0. 14, and 0.20 J/cm , respectively. The cap thickness
was 59 nm. In this case it is interesting to note that the signal
drops as the solid GaAs rises in temperature but then rises ab-
ruptly when the molten phase occurs. (The molten phase is
believed to be metallic.) In fact, a slight change in color of the
cap can be seen by the eye at the laser irradiated spot. We believe
this change may result from a change in composition of the
Si3N4 during the transient heating. This compositional change
is undoubtedly occuring most rapidly during the molten phase
and accounts for the rising slope during this period [see trace
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Fig. 1. (a) Reflectivity for p polarization at 514 nm and angle of
incidence of 300 with dye laser pulse energies of (1)( 0.10, (2) 0.14,
and (3) 0.20 J/cm2. The cap thickness was 59 nm. The dye laser pulse
is the dashed curve in trace (1). (b) Calculated reflectivities at 30° (A
= 514 nm) vs cap thickness.
(3)]. On the other hand, inspection of the samples used in studies
reported previously33 did not show this color change upon either
dye laser or excimer laser irradiation and thus we believe that
the initial composition of the silicon nitride was slightly different
for the sample of Fig. 1 . It is known that residual hydrogen can
be present in the nitride film under some deposition conditions
(e.g. , excess NH3 or too low a substrate temperature during
deposition).34 Such hydrogen would evolve rapidly as the tern-
perature reaches the GaAs melting point in this experiment. We
measured the dye laser annealed film ellipsometrically and found
that the thickness was reduced by about 3.3 nrn, or about 5%,
or equivalently, the real part of the index of refraction was
reduced by about 5% from 2.02 to 1 .92. Such a decrease has
been observed as the substrate temperature is raised from 800°C
to 1000°C during vapor deposition,34 and changes have also
been observed as an annealing effect after deposition.35 The
corresponding calculated reflectivity for this multilayer problem36
is presented in Fig. 1(b). The calculation shows clearly that for
59 nrn cap thickness the reflectivity first falls and then rises as
the melt phase is produced. This type of feature provides a
sensitive test of the optical constants for GaAs and Si3N4, as
explained in detail 1636 Our principal interest here is
in the duration of the GaAs melt phase.
The transient reflectivity during dye laser annealing [Fig. l(a)1
shows the usual indication of the GaAs melt phase duration but
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also the effect of the Si3N4 cooldown. The effect of warming
up of the cap and the changes in the cap's optical properties can
be noticed in Fig. 1(a) trace (1 ), for which the pulse energy
density is below the melt threshold. Melt phase initiation can
be seen in trace (2) and the large increase in the reflectivity after
the GaAs surface melted can be seen in trace (3). We have
identified the threshold energies for GaAs melting beneath the
cap to be approximately 0. 1 J/cm2 for both the 12 ns excimer
pulses and the 8 ns dye laser pulses. This insensitivity to laser
wavelength is explained below. For cap damage, the thresholds
are 0.34 and 0. 12 J/cm2, respectively, for the excimer and dye
lasers. At pulse energies above ---O.3 i/cm2, the cap lifts off and
is usually blown away. In this case the transient reflectivity
rapidly rises to values characteristic of the bare surface.
It can be concluded from reflectivity measurements that the
effect of the cap on the melt threshold is not very large. A more
significant difference is seen in the comparison between the UV
and the deep red pulsed lasers. For the bare GaAs surface, the
excimer laser pulse energy threshold for melting is only 0.05
J/cm2, whereas the dye laser threshold is a factor of two higher
at 0. 10 J/cm2. This difference is a consequence of the much
shorter optical penetration depth (—'13 nm) of the excimer wave-
length as compared to the dye laser (—70 nm).37
For the capped samples the threshold is essentially unchanged
for the dye laser but rises for the excimer laser. This behavior
is a consequence of the opposite effects of better optical coupling
into the GaAs surface, especially for the dye laser, versus the
additional heat sink presented by the capping layer. Thus, for a
60 nm cap and the 308 nm wavelength of the excimer laser, the
reflectivity is reduced only slightly from 0.42 to 0.32 (the frac-
tion of absorbed light energy in GaAs increases slightly), but
the very short penetration in GaAs makes it sensitive to heat
conduction into the Si3N4 cap. Consequently, the threshold rises.
For the dye laser, at 728 nm, the reflectivity is reduced from
0.32 to 0.035. This large change in reflectivity causes the amount
of absorbed light energy to change from 68% without a cap to
essentially 100% with the cap, but it does not cause the melt
threshold to significantly decrease. The reason for this is that
the deep penetration of the dye laser beam makes it less sensitive
to the conduction of heat into the cap.
Raman spectroscopy was used to identify the threshold ener-
gies for the GaAs implant layer recrystallization and for optimum
carrier activation. A comparison of Raman spectra from an im-
planted sample (Si, 2 x iO' cm 2), laser annealed through the
cap, with the spectra from the reference portion of the sample,
which was laser annealed after etching off the cap, clearly shows
that annealing through the cap gives much higher carrier acti-
vation. An increasing ratio of L to LO lines in the Raman
spectra indicates rising carrier activation since the LO peak arises
only from the carrier depletion layer at the surface'4 (Fig. 2).
Notice that for dye laser annealing of capped GaAs [solid curve
in Fig. 2(a)] a strong but narrow peak in activation occurs at
0. 1 J/cm2 and a second rise occurs near 0.34 J/cm2. We believe
this second rise in carrier concentration occurs because of the
introduction of dopants (probably Si) from the Si3N4 cap during
the pulsed laser anneal.
In the case of the XeCl excimer laser anneal [Fig. 2(b)], the
dopant incorporation from the cap occurs again near 0.35 i/cm2,
where a rise in the L /LO ratio is seen for the lightly implanted
sample. A major difference from the dye laser annealing occurs
for the uncapped samples, in which no carrier activation is seen
Fig. 3. Raman spectra of GaAs:Si (2 x 1O'4/cm2) with 514.5 nm ex-
citation obtained after annealing through a 59 nm Si3N4 cap, using
a 12 ns excimer laser pulse of energy density 0.34 J/cm2.
for excimer annealing even for the 2 X 1014 cm2 sample. For
the dye laser, significant doping from the cap appears at energy
densities above 0.3 i/cm2. The differences in annealing behavior
between the two lasers, we believe, can be understood on the
basis of the much different optical penetration depths. Further
analysis of the Raman spectra are given in Ref. 14.
In addition, the plasmon (L ) peak in the Raman spectrum
was used to calculate the carrier density directly (Fig. 3). The
carrier concentration and carrier mobility were estimated from
the position and width of the L lines in the Raman spectra. It
should be noted that the plasmon peak in the highest concen-
tration sample lies near 1600 cm ', which is almost 50% higher
than the —1000 cm ' observed for the heaviest Si doped MBE
OPTICAL ENGINEERING / April 1 990 / Vol. 29 No. 4 / 333
0
-J
.J
0
0
U)C
C
Pulse Energy Density (J/cm2)
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TABLE I. Hall effect measurements on excimer laser and furnace
annealed samples.
Sample Type Excimer laser
energy density
or furnace temp.
Sheet carrier
concentration
[cm2]
Carrier
mobility
cm2/(Vsec)
Implanted
dose
[cm2]
Se doped GaAs
320 keY
Si3N4 cap: 79 nm
0.27
0.3
0.33
2.60x12
2.03x13
1.48x13
116.65
41.47
69.07
2.2xl012
Si doped GaAs
140 keV
Si3N4 cap: 60 nm
0.32
0.29
0.24
0.23
8.89xl2
7.84x12
6.75x12
l.02x12
25.63
92.6
5.1
56.1
6x1013
Si doped GaAs
320 keY
Si3N4 cap: 60 nm
0.265
0.24
7.4x13
3.64x13
273.22
234.01
2x1014
Se doped GaAs
320 keY
Si354 cap: 79 mm
T=850°C
t=20 sin
1.l0x1012
l.18x1012
3200
3152
2.2x1012
samples thus far reported, which were identified* as having
carrier concentrations of about 1 .3 x 1019 cm . These results
compare well with data obtained by using direct electrical mea-
surements on the samples.
3.2. HaIl measurements
The Hall effect technique is widely used in determining the
electrical characteristics of active semiconductor substrates. It
is by far the most effective method of quantifying the degree of
free carrier activation as well as the carrier type. There are two
common methods in measuring sheet resistance, the four-point
probe technique38 and the Van der Pauw method.39 The four-
point probe, despite being the most common method to use for
measuring the resistivity of semiconductor wafers, is unsuitable
for our pulsed laser annealed samples. One of the reasons for
this is that the distances between the probes (6 mm) exceed the
3 mm region of the annealed diameter. Since the four-point
probe requires all four test points to be in close contact with the
annealed sample, this method was rejected in favor of the Van
der Pauw technique. The Van der Pauw technique has the ad-
vantage of being applicable to flat semiconductor samples of
arbitrary shape.
Three ion implanted doses were considered for the electrical
measurements. The ion doses, types of impurities, cap thick-
nesses, and implantation energies are listed in Table I. Only the
samples annealed with the excimer laser had anneal spots large
enough to be tested electrically (see Sec. 2. 1 above).
These samples were annealed over a narrow energy range
from 0.23 to 0.33 J/cm2, which the Raman scattering indicated
might be optimum for the highest carrier activation. The results
are compared with similar samples that were furnace annealed
at 850°C for 20 mm in a forming gas (15% H2, 85% N2 by
volume) with the Si3N4 cap present. The results of Hall mea-
surements (Table I) indicate that the furnace annealing is quite
effective in activation of low-dose samples, and a high electron
mobility results. A summary of all data from the measurements
and the overall derived results for electron mobility, carrier ac-
tivation, and free sheet carrier concentration are shown in Table I.
* J. Tsang, private communication (1987).
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It has been reported by Nojima8 that the effects of pulsed
laser annealing on low-dose GaAs:Si (<<1 x 1014 cm2) show
little to no carrier activation when a Q switched pulsed ruby
laser was used. Our results on capped samples, however, indicate
the contrary . For the GaAs:Se sample at 2 .2x 1012 cm 2, we
found that the free carrier concentration exceeded the ion im-
planted dose (see Table I). Thus , it is our conclusion that these
dopants could only have originated from the Si3N4 cap itself.
Using the Van der Pauw technique, we found a low electron
mobility for the sample, indicating the existence of residual
damage. This, we believe, may be attributed to the additional
impurities that were driven in from the cap and/or to residual
defects from the ion implanted layer. It has also been suggested8
that pulsed laser annealing may introduce some defects due to
the fast quenching rate of the molten layer of GaAs.
From these observations, the following conclusions can be
drawn: first, that the apparently high carrier activation for low-
dose ion implanted GaAs is caused by doping from the cap during
PLA; second, that the effect of the encapsulants is twofold.
Although it reduces outdiffusion of arsenic from the substrate
surface, it may introduce additional n-type dopants from the Si
ions from the cap during the process of laser annealing. Too
much laser power causes damage, which may lower the mobility.
This can clearly be seen from the decreasing trend in electron
mobility as the laser power intensity is increased from 0.27 to
0.33 J/cm2 (see Table I).
The more heavily implanted Si samples (6 x iO' and 2 x iO"
cm 2) despite being laser annealed through an encapsulant, did
not show any indication of additional doping at low pulse energy
densities (see Table I). Although the free sheet concentration
measured below their implanted doses, one cannot completely
rule out the possibility of some impurity doping from the en-
capsulant. From Table I one will notice a similar trend in all
three samples, where the sheet carrier concentration steadily
increases with laser intensity until it peaks at an optimum point
between 0.265 and 0.32 i/cm2. In both cases, the measured
electron mobilities were low.
3.3. Depth proffling of carriers by a multiple etching
technique
The depth profile here refers to the carrier concentration and the
mobility variation as a function of the depth. Since Van der
Pauw and Hall measurements provide sheet resistance R and
sheet Hall coefficient H, one can determine effective mobility
eff from
H5
I-1'eff
and the number of carriers/cm2 (known as the sheet concentra-
tion) from
N5 = (Rsqpeff)'
where q is a magnitude of electronic charge.
Both .Leff and N5 are weighted averages since the carrier
concentration and carrier mobility are depth dependent in an
implanted layer. Thus, the Hall coefficient H must be expressed
as a summation of the average values of carrier concentration
ni and mobility p in i layers of thickness d1:
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Bymaking the assumption that the Hall mobility is equal to the
conductivity mobility, the conductivity o is expressed by
(2)
since = l/(qNsRs) in each layer. Then
R5 (ad)' = , (3)
q>n4LidiI Depth nm)
where d = : d. Fig. 4. Carrier concentration profile for furnace annealed Se-GaAs
From Eqs. (1) and (3), one can observe that the effective sample (2.2 x 1012 cm2).
Hall coefficient and sheet resistivity are related to the carrier
concentration and mobility in each layer. Equivalently, each
layer carrier concentration and mobility certainly can be ex-
pressed by two different Hall coefficients and sheet resistivities
obtained before and after each active layer is removed.
Mayer4° reported one method to determine p and n, from t oooo
the combination of sthpping techniques and Hall measurements.
Following Mayer, carrier concentration n, by volume in the ith
layer and the ith layer mobility p can be found from
boo
(4)
(5) '°°
11&u I ![fl& I I!!I I !!I! I I I
(6) 0 6 2 8 24 30 36 42 48
Depth (nm)
. (7) Fig. 5. Carrier mobility profile for furnace annealed Se-GaAs sample(2.2x1012 cm2).
that the mobility is high both near the surface and far away from
the surface. It is lowest at the point of 1200 A. This is due to
the impurity scattering of electrons, which causes mobility to
be inversely proportional to the carrier concentration.
Only the low-dose (2.2 x 1012cm 3) Se doped GaAs samples
I I \ 2i pulsed laser annealed with a few different light intensities were
N(x) = q exp I —! ( X R I . (8) characterized in the depth profiling experiment. Other samples\/;IXR L 2 \ SR,, j j have not been used to this point to study the carrier concentration
profiles because of the destructive nature of this experiment and
Figure 4 shows the furnace annealed Se-GaAs carrier distribution the limited number of samples available for optical and electrical
as determined by the electrical measurements and a comparison characterization.
with its LSS profile. The projected range of the carriers (1200 Contrary to the poor activation of low-dose PLA samples,8
A ) is about the same as a peak in the measured density of our results indicate carrier concentrations have exceeded 100%
electrons. The second observation is that a deep tail appears in of implanted densities in the SiN capped low-dose samples.
the carrier distribution after annealing. This is due to thermal However, the active layers are very shallow (—40 nm), as in-
diffusion of implanted impurities during the 20 mm long, high- dicated by the depth profiling on PLA samples (see Fig. 6). The
temperature annealing process, which causes redistribution of samples become very highly resistive after a few etching steps,
impurities. Figure 5 shows a mobility distribution. One can find which is an indication that the semi-insulating substrate has been
L(Hs/R)pi =
L(1/Rs)1
ni =
qd1p1
Since samples studied in the course of the depth profiling ex-
periment were ion implanted with 320 keV and a dose 1 =
2.2 x 1012 cm2 during processing, a standard carrier distri-
bution called the LSS profile41 can be obtained from calculations
of the projected range (Re) and standard deviation (Me). Thus,
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Fig. 6. Pulsed laser annealed Se-GaAs carrier distribution (2.2 x 1012
cm 2)
reached. Nojima8 reported that the sample (Si ion implanted
GaAs with 1 x iO' cm2) annealed by a pulsed ruby laser at
0.79 i/cm2 without a nitride cap had an average mobility of 450
cm2V , and the carrier concentration was high (—'3 x 1018
cm 3) in the vicinity of the surface. Our profiling experiment
performed on Se doped GaAs (2.2 x 1012cm2) for excimer
laser light intensity of 0.30 i/cm2 indicated that the electron
concentration exceeded 1 x 1019 cm near the surface ('—40
nm). The high donor density and a significant surface scattering
due to the very shallow active layer resulted in a low mobility
of about 250 cm2Vs.
As was discussed earlier, pulsed laser annealing introduces
some amount of impurities into samples from the silicon nitride
cap, which causes the sheet concentration to exceed the im-
planted fluence of donors in the low-dose samples. It is very
likely that impurities are also introduced from the Si3N4 cap into
the highly doped samples, but the amount is small compared
with implanted impurity dose.
3.4. Results of PITS experiment
The representative photoinduced transient spectroscopy spectra
for lightly doped (4 x 1012 cm2) and heavily doped (6 x 10'
cm 2) samples are shown in Figs. 7(a) and 7(b), respectively.
The corresponding Arrhenius plots are shown in Figs. 8(a) and
8(b), respectively.
The labels Pi through P5 correspond to the peaks observed
on PITS spectra for all of the samples. There are three distinct
peaks P1 , P2, and P3 present in lightly doped laser annealed
samples and three peaks P1 , P2. and P4 in furnace annealed
samples. They correspond to defects with the activation energy
of —0.05, 0. 1 , 0.3, and 0.56 eV. The spectra for highly doped
samples (1 x 1014 and 6 x 1014 cm2) both furnace and laser
annealed indicate the presence of an additional peak P5 above
room temperature. Due to the weak signal and broad shape of
this peak, it is difficult to resolve it accurately. The deep level
corresponding to this peak is at approximately 0.80 eV with a
capture cross section of about 10 cm2 . This defect level may
have been introduced by heavy implantation damage (also re-
ported by Yuba et al.42 or it may be related to the EL2 defect
observed in GaAs substrates grown by the LEC (liquid encap-
sulated Czochralski) method without chromium compensation.
The EL2 level is generally observed at a temperature of about
390 K.
The next major peak in the pulsed laser annealed samples,
P3 , with an activation energy of 0 .3 eV , appears in the tern-
perature range 170 to 180 K. This defect can be identified with
a level known as EL6 in the literature.32'43
The last two peaks, P2 and P1 , appear at very low temperature
and correspond to deep-level defects with a small activation
energy (E < 0. 1 eV). Similar defects with activation energies
of about 60 to 80 rneV have been reported previously in LPE
(liquid phase epitaxy) layers' and in bulk GaAs,45 but their
origin is unknown.
4. SUMMARY
A study of carrier activation and mobility was performed in
pulsed laser annealed samples of GaAs implanted with doses of
Si and Se from 2.2x 1012 to 6.0 x 1014 crn2. The samples were
annealed using a pulsed XeCl excimer laser (X = 308 nm) with
a pulse duration of 12 ns and a pulsed dye laser (X = 728 nm)
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Fig. 7. (a) PITS spectra on low-dose PLA Si-GaAs at t1 = 0.3 ms and
t2 = 2.4msatdose = 4x1012cm2anddose = 2x1013cm2.(b)
PITS spectra on high-dose PLA Si-GaAs at t1 = 0.3 ms and t2 = 2.4
ms at dose 1 x 1014 cm2 and dose = 6x 1014 cm2.
P1
P5
50 tOO ISO 200 250 300 350 400 450
Temperature IX)
PULSED LASER ANNEALING OF GaAs IMPLANTED WITH Se AND Si
observed on the PITS spectra in the temperature range from 60
to 400 K, corresponding to traps with activation energies be-
tween 0.06 to 0.80 eV. The details of this experiment will be
reported later.
Finally, we found the optimum excimer laser intensity for
annealing of ---6O nm thick Si3N4 capped GaAs to range from
0.26 to 0.33 i/cm2 (0. 17 i/cm2 seems to be an optimum for the
dye laser for similar samples). The transient reflectivity exper-
iment identified the threshold energies for cap damage as 0.34
and 0. 12 J/cm2 for excimer and dye lasers, respectively. These
results were supported by Raman scattering on these samples.
For the high-dose Si implanted samples, Raman scattering in-
dicates n-type carrier concentrations well above 1 x 1019 cm3.
However, these results have not yet been confirmed with Hall
measurements reported here because of difficulties in sample
preparation.
Our studies show that PLA can produce doping from a cap-
ping layer by the laser melting process without the need for an
ion implantation step. However, it appears that significant num-
bers of defects are introduced by these Si3N4 caps. Other capping
layers might yield better results.
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Fig. 8. (a) Arrhenius plot of a PLA (0.32 J/cm2) Si-GaAs (2.0 x 1013
cm _2) sample. (b) Arrhenius plot of a PLA (0.32J/cm2) Si-GaAs (1.0 x
1014 cm2) sample.
with an 8 ns pulse. Very high carrier concentrations of 3 x 1019
and 1.5 x 10'cm3, asdeducedfromtheL peakoftheRaman
spectrum, were obtained for the best n-type GaAs samples an-
nealed with the dye laser and the excimer laser, respectively.
The dye laser consistently produced higher activation than ex-
cimer laser annealing.
The Hall effect results show that pulsed laser annealing can
effectively produce electrical activity of implanted impurities for
both low-dose as well as very heavy dose implanted GaAs.
However, for low-dose Se implanted GaAs, most or perhaps all
of the doping comes from the Si3N4 encapsulant. For the higher
dose samples that were Si implanted, an '—37% recovery of the
implanted dose was found. Hence, a dose dependency is ob-
served, coinciding with results of earlier experiments.2
We found that despite some success in carrier activation, the
overall electron mobilities for all tested samples gave low read-
ings (<300 cm2Y 1) We do not know at this point the
cause for such low mobilities. However, we have a strong in-
dication that the problem may be attributed to the excess dopants
introduced from the encapsulants during annealing and large
surface scattering in a shallow active layer in PLA samples.
Some indication of the defect structure was obtained from pho-
toinduced current transient spectroscopy. Five major peaks were
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